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Abstract 
An analytical quasi-static model of the keyhole during laser deep penetration welding is introduced. This model is 
used to calculate the keyhole geometry depending on spatial laser beam intensity. Keyhole shapes can be found 
solving the energy and pressure equations. All necessary physical effects like Fresnel and plasma absorption, heat 
conduction and vaporization are implemented in the model. For evaluation a Gaussian and a top hat beam profile 
were used. Experimental measurements of the keyhole shape using copper inlays in aluminum base material show 
good agreement with the results of the modeling. 
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1. Motivation 
In deep penetration laser welding a keyhole is generated in the welded material at high intensity values 
of the laser beam. It is mainly maintained by the recoil pressure of the vaporized material against the 
surface tension of the surrounding melt pool. Although a lot of research for better understanding of deep 
penetration welding processes has been carried out over the last decades it is still not completely 
understood due to its complexity. Along with melt pool dynamics [1], laser intensity values [2] or laser 
power instabilities [3] instabilities in the keyhole during the process are known to be among the effects 
responsible for a keyhole collapse and the forming of pores [4]. One method to get a better understanding 
of this phenomenon in such a complex system is the modeling of the keyhole. 
Because of the complexity of the welding process research was often done applying numerical 
methods. Ki [5] introduced a self-consistent numerical model of melt pool and keyhole that includes most 
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of the known influencing effects. Using these models a good understanding of the keyhole behavior is 
obtained. But the big disadvantage of numerical methods is the high calculation time due to the fact that 
time and meshes have to be highly discretized for numerical stability [6]. 
Kroos [7] formed a first self-consistent analytical model of a cylindrical keyhole. By solving the 
energy and pressure equations in the keyhole system it is possible to calculate the keyhole surface 
temperature and the resulting radius. Based on this model it is possible to build a dynamic model showing 
the dynamic behavior of the keyhole. Klein [8] calculated the frequencies of the keyhole between 1 and 4 
kHz. Andrews and Attay [9] expanded the model of Kroos and Klein to obtain different radii in different 
depths. Unfortunately their model cannot be used for dynamic calculations. 
In the majority of former works a Gaussian spatial intensity distribution has been assumed for 
calculation, e.g. in [10]. Fabbro [11] started setting up calculations using a “top hat” distribution in the 
focal layer. Kaplan [12] and Märten [13] considered the change of the intensity profile during laser beam 
propagation. Kaplan concluded that a Gaussian beam is a good approximation when leaving the focus for 
all observed intensity profiles in the focal layer. 
Several approaches to measure the keyhole shape have already been documented. By using a high-
speed-camera the diameter of the keyhole on the surface can be observed applying visual sensing methods 
[14] or NIR sensors [15]. Additional investigation was necessary to retrieve data on the keyhole geometry 
underneath the surface. First measurements could be conducted welding in glass and ice [16] and 
observing the process using high-speed-cameras or using x-ray radiography [17].  
In this paper a quasi-static keyhole model for laser deep penetration welding based on analytical 
calculations is presented. It can be used for future dynamic investigation. By implementing various spatial 
laser intensity distributions the influence of different intensity profiles in the focal plane on the keyhole 
geometry is studied using the results of the modeling. 
2. Development of the model 
2.1. Pressure equation 
Based on the model of Kroos [7] a quasi-static analytical model of the keyhole is implemented in 
MATLAB (Version 7.8, R2009a) that calculates the keyhole shape depending on the laser intensity 
distribution. After the keyhole has completely formed a quasi-static shape arises. In this equilibrium state 
pressures must be in balance. The ablation pressure of the vaporized material  counteracts mainly 
against the pressure due to surface tension of the melt around the keyhole . 
 
 (1) 
 
When  a stable keyhole can be formed. Hydrodynamic and hydrostatic pressures are neglected 
due to their much smaller dimension [18]. 
Pressure due to surface tension can be described according to the Young-Laplace-Equation [7] by 
 
 (2) 
 
with  being the surface tension coefficient and being the keyhole radius. 
ablp
p
ablppp
0=p
Kapr
p
Kapr
 J. Volpp /  Physics Procedia  39 ( 2012 )  17 – 26 19
 
The counteracting ablation pressure can be described by [19] 
 
 (3) 
 
including the sound speed  and the mass flow of the vaporized melt   
 
 (4) 
 (5) 
 
with  being the thermal diffusivity coefficient, the molar gas constant, the molar mass of the 
welded material, the keyhole surface temperature,  being the latent heat and  being the local 
intensity used for the evaporation process 
 
. (6) 
 
Material properties like the boiling temperature , the melting temperature , the heat diffusion 
coefficient and the temperature diffusion coefficient have to be known for the calculation.  is the 
incident laser intensity on the material surface and is the welding velocity. 
As can be seen from Eq. (3) and Eq. (5) the ablation pressure depends on the surface temperature . 
Therefore it is necessary to calculate the temperature by solving the energy equation [7] for the system.  
2.2. Energy equation 
The energy balance of the system includes absorbed energy from the laser beam and heat losses 
due to ablation  and heat conduction in the material. 
 
 (7) 
 
Evaporated material due to ablation processes in the keyhole exits the keyhole opening resulting in an 
energy loss. Kinetic energy of the vapor is neglected [20] 
 
 (8) 
 
with the ambient pressure being , the latent heat of evaporation being  and of melting  and the 
specific heat . Heat is also lost due to heat conduction. A solution for a simplified cylindrical keyhole 
shape is known [7] 
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 (9) 
 
including the room temperature , the density  and the Peclet number specified with the radius , the 
welding velocity , the heat diffusion coefficient and K1, K0 and I0 being Bessel functions of different 
kind and order. 
The absorbed heat input from the laser beam can be described by [21] 
 
 (10) 
 
with  being the observed area of the beam,  and  being the cylinder coordinates. Using Eq. (10) 
different intensity distributions can be analyzed.  
2.3. Keyhole modeling  
Absorption of laser energy in material is known to be dependent on wavelength and incident angle of 
the laser beam, polarization, material parameters and local temperature [22]. A model of Fresnel 
absorption [22] is used to calculate the direct absorption. The absorption  can be calculated using [22] 
 
 (11) 
 (12) 
 
with  being absorption index,  being the refractive index and  being the incident angle. 
 
Laser beam energy is reduced when hitting vapor particles on the way to the target [23]. The highest 
vapor density of particles is in the keyhole itself. The absorbed energy heats the vapor particles up. This 
heat is transferred to the keyhole wall by heat conduction and is absorbed. In addition to direct absorption 
the energy from the metal vapor absorption is a contribution to the total absorbed energy on the wall. The 
vapor absorption [23] is 
 
 (13) 
 
with being the vapor absorption coefficient and being the propagation length of the beam in vapor. 
The calculated surface temperature received from the energy equation (Eq. 7) can be used to calculate 
the vapor pressure (Eq. 3). The resulting keyhole radius is calculated by solving the pressure balance 
equation (Eq. 1).  
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To obtain a complete keyhole shape the keyhole is split up in sectors in depth. Each sector is assumed 
to be cylindrical. That way, radii can be calculated in different depths. First the intensity distribution on 
the material surface is split in 10 sections. The power of the beam in each section is obtained by 
integration. For each section area an intensity value can be calculated. The keyhole is considered to have 
a predefined depth as a basis for absorption calculation is needed. The opening diameter of the keyhole is 
assumed to be the incident beam diameter. That way the single beams of each section area hit the keyhole 
wall at different depths. Different keyhole diameters can be calculated using the presented model for each 
sector in depth depending on the intensity of the incident beam. The energy content of the single rays 
depends on the intensity distributions of the incident beam as it is an integrated value of one section.  
Plasma absorption takes place while the beam propagates through the keyhole until it hits the keyhole 
wall. The intensity value of each ray is reduced by the factor depending on the propagation length 
in the vapor . 
 
 (14) 
 
The change in intensity distribution is also accounted for when leaving the focal plane. Beam radius 
and beam profile are adapted during expansion of the beam in the keyhole [12]. When hitting the keyhole 
wall all rays are absorbed depending on the incident angle with the keyhole wall (Eq. 11 and Eq. 12). The 
calculated absorbed energy by Fresnel and vapor absorption is the input calculating the diameter of the 
cylindrical sectors. Using a cylindrical estimation for each sector the simplified solution of the heat 
conduction (Eq. 9) can be used to calculate the heat losses due to heat conduction. That way a keyhole 
radius is obtained for each sector and the keyhole shape can be estimated. 
3. Evaluation parameters  
Using the described model a quasi-static keyhole geometry can be calculated. A Gaussian and a top hat 
distribution are implemented as shown in Fig. 1a. To verify the model a 4kW laser with a wavelength of 
1064nm and a focal spot diameter of 0,6mm is assumed welding with a velocity of 2m/min. The beam is 
not angled and has no preferred polarization direction. The welded material is aluminum AA6082 with 
properties shown in Table 1.  
 
Table 1.  Material properties of aluminum AA6082 
 [g/cm2 ] 2.7 
Heat conduction cp [W/(m*K)] 235 
Heat capacity c [kJ/(kg*K)] 897 
Melting temperature Tm [K] 933 
Boiling temperature Tb [K] 2740 
Latent heat Hv ( of evaporation) [kJ/g] 10.9 
 [J/m2] 0.9 
 [m2/s] 40E-6 
 [1/m] 325 
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4. Results and discussion of the modeling 
As can be seen in Fig. 1 there is an influence of different laser intensity distributions on the calculated 
geometry of the keyhole. The two used descriptions of laser intensity profiles (Fig. 1a) lead to different 
keyhole shapes (Fig. 1b) and to different pressure gradients (Fig. 1c). 
 
 
 
 
 
 
 
 
 
 
 
(a)  (b) (c) 
                        BIAS ID: 121116 
Fig. 1.  (a) Gaussian and “top hat” spatial laser intensity profiles in the focal point lead to (b) different keyhole shapes and 
(c) different pressure gradients 
 
The peak power value of the intensity distribution in a Gaussian beam is higher than the plateau of the 
top hat distribution at equal laser power. Because of the lower intensity of the top hat distribution in the 
area near the beam axis temperature and also ablation pressure is lower and keyhole radius is higher 
compared to a Gaussian beam. The difference between the radii increases with increasing depth from the 
surface. Compared to a Gaussian beam the top hat distribution has higher intensity values with increasing 
distance from the beam axis. Higher intensities far from the beam axis are responsible for larger 
vaporaization at bigger distances when comparing Gaussian beam with top hat distribution. That way a 
wider keyhole shape can be determined for a top hat distribution at any depth of the keyhole. 
The pressure gradient is a value that describes the slope of the pressure curve at the observed keyhole 
radius. When there is a deviation of the pressure due to dynamics a restoring pressure will occur and 
guide the pressure back to the equilibrium where the deviation started. A higher pressure gradient leads to 
higher restoring pressures. Pressure gradient differences calculated from the model may therefore lead to 
different dynamic behavior. A change of the current radius will lead to a pressure deviation and therefore 
to different restoring forces and consequently to different dynamic behavior [24]. With the assumptions 
made for this model a Gaussian beam seems to result in a more stable keyhole as the restoring forces 
moving the radius back to quasi-static equilibrium are higher. 
5. Experimental verification 
5.1. Experimental set up 
In order to verify the proposed model experiments were conducted. As can be seen in Fig. 2a  
AA6082-aluminum sheets (blue) of 1mm thickness are stapled. Copper plates (green) of 0.1 mm 
thickness are placed in between the aluminum sheets at different depths. For reducing the influence of the 
unwanted copper alloy in the weld pool copper sheets are not placed one upon each other. To avoid 
influences of the gap the sheets are clamped before welding. After welding (Fig. 2b) cross sections are 
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taken at the positions of the copper inlays. The copper inlays are supposed to melt only in the direct 
vicinity of the passing keyhole due to their excellent heat conduction. The rest of the copper plate remains 
in the weld pool. After solidification of the base material the keyhole diameter in the prepared depth can 
be measured (Fig. 2c). Welding is conducted using an IPG fiber laser (YLR8000S) delivering a top hat 
intensity distribution in the focal layer, with spot diameter of 0.56mm at a laser power of 4kW. The 
welding velocity is 6m/min and Argon is used as a shielding gas.  
 
(a) (b) (c) 
  BIAS ID: 121647 
Fig. 2.  Method of experimentally measuring the keyhole diameter in different depths including copper inlays in (a) aluminum 
staple, (b) welding process and (c) cross section analysis 
 
In addition the process is observed by a high-speed-camera (2000 F/s) to detect the keyhole diameter at 
the material surface. As the keyhole is highly dynamic an average of 105 measured diameters in the 
camera pictures is taken for evaluation. The keyhole can be reconstructed using the measured keyhole 
diameters on the surface and the partially molten copper inlays placed in 1mm steps in depth. 
5.2. Experimental results and discussion 
From high-speed-camera observation and statistical evaluation the diameter on the material surface is 
found to be slightly larger than the laser beam diameter as also mentioned by Jin [25]. Using the 
introduced welding parameters the welding depth is 4.3mm. That leads to four experimentally recordable 
diameters in depth. All measured diameters are shown in Fig. 3 on the right side. For comparison on the 
left side of Fig. 3 the calculated keyhole shape obtained from the model is shown using the parameters of 
the experiments for modeling. 
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 BIAS ID: 121646 
Fig. 3.  Modeled (left) and measured (right) keyhole shapes during laser welding (4kW laser power, 6m/min welding speed, 
0.56mm spot diameter, top hat intensity distribution in the focal layer) 
 
Although very high temperatures are reached in the vapor channel and in the melt pool copper does not 
melt in the area of liquid aluminum but only where the keyhole vapor channel existed. Due to its good 
heat conduction value copper dissipates the heat fast enough to stay below melting temperature (1357K) 
that is higher than the one of aluminum (933K). Copper is in addition mild enough that the high pressure 
in the keyhole and consequently the high bending tension on the copper inlay does not lead to a breakage 
of the copper material. It can be seen that the tendency of the curves of the modeled and the measured 
keyhole shapes in Fig. 3 are similar. The measured keyhole has slightly smaller diameters than the 
calculated keyhole. Further melting of the copper cannot be completely avoided. Therefore the keyhole 
diameter should be overestimated and the measurements should show slightly bigger diameters than the 
real keyhole. The modeled keyhole shape shows even larger diameters what can be caused by the fact that 
multiple reflections are not yet included in the model. Multiple reflection and absorption will lead to a 
higher energy absorption and higher temperatures in depth and due to the higher ablation pressure to 
smaller keyhole diameters. 
6. Conclusions 
An analytical model of the keyhole during laser deep penetration welding is presented. The influence 
of spatial laser intensity profiles on the resulting keyhole geometry can be shown by observing keyhole 
shapes resulting from a Gaussian and a top hat distribution. Calculation results show that different spatial 
laser intensity distributions lead to different keyhole shapes and pressure gradients. A top hat distribution 
leads to bigger diameters compared to a Gaussian distribution. For evaluation a method of measuring 
keyhole diameters in different depths to estimate keyhole shapes after welding aluminum AA6082 using 
copper inlays is shown. Measured and modeled keyhole shapes show similar tendencies. 
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